In mammalian and insect models of ethanol intoxication, low doses of ethanol stimulate locomotor activity whereas high doses induce sedation. Sex differences in acute ethanol responses, which occur in humans, have not been characterized in Drosophila. In this study, we find that male flies show increased ethanol hyperactivity and greater resistance to ethanol sedation compared with females. We show that the sex determination gene transformer (tra) acts in the developing nervous system, likely through regulation of fruitless (fru), to at least partially mediate the sexual dimorphism in ethanol sedation. Although pharmacokinetic differences may contribute to the increased sedation sensitivity of females, neuronal tra expression regulates ethanol sedation independently of ethanol pharmacokinetics. We also show that acute activation of fru-expressing neurons affects ethanol sedation, further supporting a role for fru in regulating this behavior. Thus, we have characterized previously undescribed sex differences in behavioral responses to ethanol, and implicated fru in mediating a subset of these differences.
In mammalian and insect models of ethanol intoxication, low doses of ethanol stimulate locomotor activity whereas high doses induce sedation. Sex differences in acute ethanol responses, which occur in humans, have not been characterized in Drosophila. In this study, we find that male flies show increased ethanol hyperactivity and greater resistance to ethanol sedation compared with females. We show that the sex determination gene transformer (tra) acts in the developing nervous system, likely through regulation of fruitless (fru), to at least partially mediate the sexual dimorphism in ethanol sedation. Although pharmacokinetic differences may contribute to the increased sedation sensitivity of females, neuronal tra expression regulates ethanol sedation independently of ethanol pharmacokinetics. We also show that acute activation of fru-expressing neurons affects ethanol sedation, further supporting a role for fru in regulating this behavior. Thus, we have characterized previously undescribed sex differences in behavioral responses to ethanol, and implicated fru in mediating a subset of these differences.
A lcohol is one of the most widely used and abused drugs in the world. The acute effects of ethanol are biphasic: at lower internal concentrations, ethanol acts as a stimulant, whereas, at higher concentrations, it acts as a depressant (1) . The stimulant effects of ethanol manifest as elevated mood and energy level in humans and as increased locomotor activity in animal models, and are thought to reflect the reinforcing properties of ethanol (2, 3) . In contrast, the depressant effects of ethanol manifest in humans as depressed mood, fatigue, and cognitive and motor impairment (2, 4) ; animal models similarly exhibit motor incoordination and ultimately sedation (1) . Several studies have suggested that susceptibility to alcohol use disorders (AUDs) is correlated with increased sensitivity to the stimulant effects of ethanol and decreased sensitivity to its depressant effects (5, 6) . Characterizing the mechanisms underlying acute ethanol responses may therefore provide insight into alcohol addiction.
Men and women are differentially affected by acute and longterm ethanol exposure. Men exhibit increased alcohol consumption and a higher incidence of alcohol use disorders compared with women (7, 8) . However, women are more susceptible to the negative physical consequences of heavy drinking, such as organ damage and risk of death, and exhibit a faster progression from first use to alcohol abuse and addiction (9, 10) . Women are also more strongly affected by acute ethanol intoxication. Part of this effect is pharmacological, as the same ethanol dose (adjusted for body weight) induces a higher blood alcohol content (BAC) in women as a result of differences in body water content (11) . However, even when BAC is equalized between the sexes, women exhibit greater ethanol-induced motor impairment and subjective feelings of intoxication than men (4). Thus, there are likely to be sex differences in how ethanol affects the nervous system, but these mechanisms have not yet been identified.
The fruit fly Drosophila melanogaster is an established model for studying the genes underlying acute ethanol responses (12) . As in humans and rodents, lower doses of ethanol stimulate locomotor activity in flies (13), whereas higher doses induce motor incoordination and sedation (14, 15) . Several evolutionarily conserved genes and neuronal signaling pathways regulate ethanol responses in flies and mammals (12) . Drosophila therefore offers powerful tools for dissecting the molecular and neural pathways regulating ethanol responses.
Despite the number of studies examining acute ethanol responses in flies, sex differences in these behaviors have not been reported. In this study, we find clear sexual dimorphisms in Drosophila ethanol responses. We report that male flies show increased ethanol-induced hyperactivity and greater resistance to ethanol sedation compared with females. The sex difference in ethanol sedation is at least partially mediated by neuronal expression of transformer (tra), which regulates splicing of the neural sex determination gene fruitless (fru). In addition, acute activation of fru-expressing neurons enhances ethanol sedation sensitivity. Thus, we have identified sex differences in ethanol-induced behavior and linked a subset of these differences to fru.
Results
Males Show Greater Ethanol-Induced Hyperactivity than Females.
Flies exhibit locomotor hyperactivity at low to moderate ethanol doses and sedation at high doses. Ethanol-induced hyperactivity can be assayed by a locomotor tracking system (13) , and ethanol sedation can be measured by using a loss-of-righting assay (15) . These two responses are uncorrelated and measure distinct aspects of ethanol intoxication (16) . Sex differences in ethanol hyperactivity or sedation have not been reported, as most studies have tested males or females but not both (17) (18) (19) . We therefore asked whether wild-type (WT) males and females show differences in these ethanol responses.
We first tested ethanol-induced hyperactivity in WT males and females. Upon exposure to a moderate dose of ethanol vapor (47% relative vapor concentration), flies exhibit two phases of locomotor activation: an immediate, transient startle response to the smell of ethanol, and a more gradual, sustained hyperactivity response mediated by ethanol intoxication (13) (Fig. 1A) . We observed that males showed a more rapid onset of ethanol hyperactivity compared with females, as well as an increase in peak hyperactivity ( Fig. 1 A-C) . Males also showed a higher olfactory startle response than females, suggesting that females might be physically unable to move as quickly as males. However, when exposed to a mechanical stimulus, males and females showed startle responses of a similar magnitude (Fig. 1D) , and females achieved a similar speed as males exhibit during peak ethanol hyperactivity (compare with Fig. 1C ). The decreased ethanol hyperactivity of females is therefore unlikely to be caused by a difference in general locomotion.
Males Show Greater Resistance to Ethanol Sedation than Females.
We next tested the sedation sensitivity of WT males and females exposed to a high ethanol vapor concentration (67%). Sedation sensitivity can be quantified as the time required for 50% of flies to sedate (ST50). Males sedated more slowly than females, showing a higher ST50: the ST50 of males was 26.5 ± 2.1 min, whereas the ST50 of females was 14.0 ± 0.6 min ( Fig. 2 A and B) . This difference appeared even stronger at a lower concentration of 50% ethanol vapor, at which females showed an ST50 of 29.4 ± 1.4 min whereas very few males sedated at all (18% sedated at the end of the 45-min experiment; SI Appendix, Fig. S1A ).
Some studies have also characterized the speed of recovery from ethanol sedation as a measure of sensitivity to the sedative effects of ethanol (18, 20) . Following a 45-min exposure to 67% ethanol vapor, which caused most flies to become sedated, males recovered more quickly than females ( Fig. 2 C and D) . Because a slightly higher percentage of males than females failed to sedate during the ethanol exposure, we also calculated sedation recovery curves after excluding the flies that never sedated. Using this method, males still showed a more rapid recovery than females (SI Appendix, Fig. S1 B and C). Thus, males are generally more resistant than females to the sedative effects of ethanol, as they sedate more slowly and recover more quickly.
At very high ethanol concentrations, sedation is followed by death (21) . We expected that, because males are more resistant to ethanol sedation than females, males might also be more resistant to ethanol-induced lethality. Surprisingly, males were instead more sensitive to ethanol lethality than females. When exposed to 100% ethanol for 60 min, 82% of males and 16% of females died (Fig. 2E) . These results indicate that the processes mediating ethanol-induced sedation and lethality are dissociable, and both are sexually dimorphic: males are more resistant to ethanol sedation, but more sensitive to ethanol lethality, compared with females.
Males and Females Show Differences in Ethanol Pharmacokinetics.
We have described sex differences in ethanol-induced hyperactivity and sedation. To determine whether these effects could be a result of a difference in ethanol pharmacokinetics, we measured the internal ethanol concentration in males and females. During multiple ethanol exposure protocols, females contained ∼20% more ethanol than males (Fig. 3A) . To confirm that this difference also occurs in the brain, where ethanol is likely to mediate its behavioral effects, we measured the ethanol concentration in the heads of males and females. Female heads contained a higher ethanol concentration than male heads, and the magnitude of this difference was similar to the difference within the decapitated bodies and the whole flies (SI Appendix, Fig. S2 ; compare with Fig.  3A ). The increased ethanol concentration in females likely contributes to their increased sedation sensitivity. In contrast, the pharmacokinetic difference is not likely to explain the sex difference in ethanol hyperactivity, as increased ethanol levels would be expected to shift the hyperactivity curve to the left, in contrast to the delay and overall decrease in hyperactivity exhibited by females.
The increased ethanol concentration in females could result from an increased rate of ethanol absorption or a decreased rate of ethanol metabolism. To quantify the rate of ethanol metabolism, we measured the decrease in internal ethanol concentration during recovery from ethanol exposure. Females showed decreased ethanol metabolism compared with males ( Fig. 3 B and C). Males and females may also differ in ethanol absorption; however, ethanol absorption cannot be measured separately from ethanol metabolism, as both processes occur simultaneously during ethanol exposure. Overall, our results indicate that females metabolize ethanol more slowly than males, leading to increased internal ethanol levels that likely contribute to their greater sedation sensitivity. To determine whether the sex differences in ethanol hyperactivity and sedation were specific to our fly strain (w Berlin) or are general within D. melanogaster, we tested the behavior of several other WT strains (strains commonly used as genetic background controls, although some carry eye color mutations; SI Appendix, SI Methods). We initially tested ethanol hyperactivity and sedation in four WT strains (Canton S, Oregon R, 2202U, and w iso). However, two strains (Oregon R and 2202U) showed very low ethanol hyperactivity in both sexes (peak hyperactivity less than 2 mm/s) and were therefore excluded from further hyperactivity analysis. We then selected two additional strains (rosy and Dahomey) to specifically test for ethanol hyperactivity to ensure that we analyzed four strains for each behavior.
In three of the four strains analyzed for ethanol hyperactivity, males showed increased hyperactivity compared with females ( Fig.  4A ), similar to w Berlin. In only one of these three strains did males also show an increased ethanol startle response (w iso; Fig.  4B ). This dissociation between the startle and hyperactivity responses again suggests that decreased ethanol hyperactivity in females is not attributable to a general locomotor difference. Similar to ethanol hyperactivity, in three of the four strains analyzed for ethanol sedation, males were more resistant to sedation than females (Fig. 4C) , again resembling w Berlin. Two of these three strains also showed a sex difference in internal ethanol concentration, as in w Berlin, with females containing more ethanol than males (Fig. 4D) . However, in one strain (Oregon R), males and females contained a similar ethanol concentration despite showing a robust difference in sedation sensitivity (Fig. 4 C  and D) . This result indicates that sexually dimorphic sedation sensitivity can occur independently of a difference in ethanol levels, suggesting that ethanol may have a sexually dimorphic effect within the nervous system. Interestingly, neither of the two strains tested for ethanol hyperactivity as well as sedation showed sex differences in both behaviors: w iso showed sexually dimorphic hyperactivity but not sedation sensitivity, whereas the reverse was true for Canton S (Fig. 4 A and C) . Thus, sexual dimorphisms in ethanol hyperactivity and sedation are dissociable, with both dimorphisms occurring together in w Berlin but not in Canton S or w iso. Overall, the data suggest that these two dimorphisms each occur in several Drosophila strains but can be modified or suppressed by genetic background, highlighting the importance of genes in regulating these behavioral differences.
Tra Acts in Developing Nervous System, Likely Through Regulation of fru, to Regulate Ethanol Sedation Sensitivity. Given that sex differences within the nervous system may contribute to the sexual dimorphisms in ethanol-induced behavior, we asked whether the gene fru might play a role. fru regulates the sexual differentiation of the nervous system and mediates sexually dimorphic behaviors such as courtship and aggression (22) (23) (24) . fru encodes a set of malespecific putative transcription factors collectively termed FruM. The female-specific splicing factor Transformer (Tra), along with Transformer 2 (Tra2), enables sex-specific splicing of fru, ensuring that FruM is expressed in males but not females (25) . We hypothesized that this pathway might generate the sex differences in ethanol-induced behavior; specifically, FruM would act in males to promote greater ethanol hyperactivity and sedation resistance, whereas Tra/Tra2 repression of FruM in females would prevent these effects.
We initially investigated the role of this pathway in regulating ethanol sedation sensitivity. First, we generated males lacking FruM by using the Gal4/UAS system to pan-neuronally express Tra Fig. 3 . Sex differences in ethanol pharmacokinetics. (A) Females (marked "F") contained a higher internal ethanol concentration than males ("M") using various ethanol exposure protocols. The ethanol vapor concentration and duration of exposure is specified. Unexposed females also contained a slightly higher baseline ethanol level than males, but this difference was not large enough to account for the sex difference in any of the ethanol-exposed groups (n = 4). (B) Ethanol concentration in males and females during recovery from a 30-min exposure to 67% ethanol vapor. A time of 0 indicates the end of ethanol exposure. Two-way ANOVA revealed a significant effect of both sex and time (P < 0.001), as well as a significant interaction (P < 0.01), indicating that the slopes of the recovery curves are significantly different (n = 4). (C) The amount of ethanol metabolized was quantified from the data shown in B as the decrease in ethanol concentration compared with the initial concentration present at time 0. Females showed overall decreased ethanol metabolism compared with males (P < 0.001, n = 4). *P < 0.05, **P < 0.01, and ***P < 0.001, unpaired t tests in A, two-way ANOVA followed by Bonferroni posttests in B and C. 8-12 ). Sex differences in the startle response were not correlated with sex differences in peak ethanol hyperactivity. (C ) In three of four WT strains, males showed greater resistance to ethanol sedation than females (n = 8-12). (D) Internal ethanol concentration in WT strains shown in C after 12 min exposure to 47% ethanol. Two of four strains showed a sex difference in internal ethanol concentration (n = 4-8). *P < 0.05, **P < 0.01, and ***P < 0.001, paired or unpaired t tests.
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/UAS-tra). These males showed increased ethanol sensitivity, indicative of feminized behavior (Fig. 5A) . Next, we generated females expressing FruM by using RNAi to down-regulate Tra2 in fru-expressing cells (fru
/UAS-tra2 RNAi ). These females showed increased sedation resistance, representing masculinized behavior (Fig. 5B) . The relatively weak phenotype of FruM-expressing females may be a result of incomplete knockdown of tra2, or it might indicate that FruM is not entirely sufficient to mediate the sex difference in sedation sensitivity. It should be noted that the Tra/Tra2 pathway also regulates sex-specific splicing of doublesex (dsx), which primarily controls somatic sexual differentiation, but also shows some neuronal expression and can affect behavior (26) (27) (28) . It is therefore possible that the increased ethanol sensitivity of Tra-expressing males is caused by dsx rather than fru. However, our use of fru Gal4 to selectively down-regulate tra2 in fru-expressing cells of females suggests that their increased ethanol resistance is likely attributable to fru. Interestingly, neither males in which FruM was down-regulated nor females expressing FruM showed a significant alteration in internal ethanol concentration (Fig. 5 C and D) . Thus, although differences in internal ethanol concentration may contribute to sexually dimorphic ethanol sensitivity in WT flies, the Tra/Tra2 pathway acts within the nervous system, likely through regulation of fru, to modulate sedation sensitivity without affecting ethanol pharmacokinetics.
fru is well known for its developmental role in regulating neuronal survival and differentiation (29) , leading to the generation of sex-specific neurons and neurons with sexually dimorphic morphology (30) (31) (32) . To examine whether fru is required during development for normal sedation resistance in males, we used Tra expression to down-regulate FruM in a temporally specific manner by using Gal80 ts , a temperature-sensitive Gal4 repressor that inhibits Gal4 function at 18°but not at temperatures higher than 27° (33) . Pan-neuronal expression of Tra exclusively during development increased ethanol sedation sensitivity in males, whereas Tra expression during adulthood had no effect (Fig. 5 E and F) . These results indicate that Tra acts in the developing nervous system to regulate sedation sensitivity, and suggest that FruM is required developmentally for normal sedation resistance in males.
In contrast to ethanol sedation, manipulating FruM expression by targeting Tra/Tra2 did not produce a clear effect on ethanol hyperactivity. Reducing FruM expression in males by pan-neuronal expression of Tra (elav Gal4 /UAS-tra) had no significant effect on peak hyperactivity (SI Appendix, Fig. S3A ). These males did show a slower rate of hyperactivity onset, but this effect may be a result of male-male chaining exhibited by these flies, which likely affects locomotor speed. Similarly, expression of FruM in females by down-regulation of Tra2 (fru Gal4 /UAS-tra2 RNAi ) did not affect ethanol hyperactivity (SI Appendix, Fig. S3B ). These results suggest that the sexual dimorphism in ethanol hyperactivity is attributable to factors other than FruM, and may be mediated by Tra/Tra2 function outside the nervous system. In contrast, our data indicate that the Tra/Tra2 pathway acts in the developing nervous system, likely via regulation of fru, to mediate the sex difference in ethanol sedation sensitivity.
Activity of fru-Expressing Neurons Regulates Ethanol Sedation
Sensitivity. We have shown that males and females show differences in ethanol hyperactivity and sedation, and that the sex difference in sedation sensitivity is likely mediated by fru. Approximately 1% of neurons express fru, and the activity of these neurons is necessary and sufficient for male courtship behavior (23, (34) (35) (36) . We asked whether the activity of fru-expressing neurons also regulates ethanol sedation in males. First, we acutely activated fru neurons using the heat-activated cation channel TrpA1, which causes neuronal depolarization (37) . Activation of fru neurons in males at 26°increased ethanol sedation sensitivity, but did not induce sedation in the absence of ethanol (Fig. 6A) . Next, we silenced fru neurons using Shi ts , a temperature-sensitive dynamin allele that depletes synaptic vesicles (38) . Silencing fru neurons in males had no effect on ethanol sedation (Fig. 6B) . Thus, although activating fru neurons is sufficient to enhance sensitivity to ethanol sedation, fru neuron activity is not necessary for normal sedation behavior. These results suggest that fru neurons may not represent an essential component of the neural circuitry mediating ethanol sedation, but they may be capable of modulating this circuit.
Discussion
In this study, we characterize sex differences in acute ethanol responses in Drosophila. Males show increased ethanol hyperactivity and sedation resistance compared with females. Thus, males appear to be more sensitive to the stimulant effect of ethanol, whereas females are more sensitive to its sedative effect. Expression of Tra in the developing nervous system contributes to the sex difference in ethanol sedation, whereas the sex difference in ethanol hyperactivity may arise from Tra function outside the nervous system. Although pharmacokinetic differences likely contribute to the sex difference in ethanol sedation, neuronal Tra expression regulates ethanol sedation without affecting ethanol pharmacokinetics. By inhibiting Tra2 function in fru-expressing ;Gal80 ts / UAS-tra) increased sedation sensitivity in males (n = 8). tra expression was restricted to development by growing flies at 27°(Gal80 ts inactive) and shifting them to 18°within 24 h after eclosion (Gal80 ts active). (F) Adult-specific expression of tra (elav
Gal4
;Gal80 ts /UAS-tra) did not affect ethanol sedation in males (n = 8-10). Expression of tra was restricted to adulthood by growing flies at 18°(Gal80 ts active) and shifting them to 29°within 24 h after eclosion (Gal80 ts inactive). **P < 0.01, ***P < 0.001, one-way ANOVA followed by Newman-Keuls posttests; repeated-measures ANOVA used in B and E.
neurons, we show that the Tra/Tra2 pathway likely regulates ethanol sedation by regulating the splicing of fru, as opposed to dsx. In support of a role for fru, activation of fru-expressing neurons enhances ethanol sedation sensitivity. In summary, we have characterized sex differences in ethanol-induced behaviors and linked some of these differences to the action of fru as well as fru-expressing neurons.
Sexually Dimorphic Ethanol Responses in Flies and Humans. Women are more sensitive than men to ethanol-induced motor impairment. This difference partly results from differences in BAC, but women also exhibit greater impairment when BACs are equalized (4). We have discovered a similar sexual dimorphism in Drosophila. Female flies are more sensitive to ethanol sedation than males, and this difference is attributable partly to a difference in ethanol pharmacokinetics and partly to sex differences within the nervous system. A previous study did not observe a sex difference in Drosophila ethanol sensitivity using a negative geotaxis assay (39) . This discrepancy may be a result of the behavioral assay used, as the loss of negative geotaxis is not a direct correlate of sedation and may also be affected by the stimulant effect of ethanol. The increased ethanol concentration in females at least partly results from a decreased rate of ethanol metabolism, which in turn may be caused by decreased activity or expression of alcohol dehydrogenase, the enzyme that metabolizes ethanol. Previous studies have in fact reported decreased alcohol dehydrogenase activity in females compared with males (40, 41) , but not all studies have observed this difference (42) .
It will be interesting to determine whether similar mechanisms underlie the sex differences in ethanol sensitivity observed in flies and humans. A mammalian homologue of fru has not been identified, but it is possible that a different human gene may play a functional role similar to fru, or that the mechanisms downstream of fru are conserved. The neural factors mediating the human sex difference are unknown, although differences in dopaminergic transmission and GABA receptor function have been proposed to play a role (10, 43) . These processes may be good candidates for potential mechanisms operating downstream of fru to promote sedation resistance in male flies.
In addition to the sex difference in ethanol-induced motor impairment, women are also more sensitive than men to physical harm induced by ethanol, such as organ damage and risk of death (9, 10) . In contrast, we found that female flies are more resistant than males to ethanol toxicity, as assessed by lethality. This sex difference has been previously reported, although the effect varies greatly depending on fly strain (44, 45) . It is interesting that, in our experiments, males were more sensitive than females to lethality despite showing greater resistance to ethanol sedation. This dissociation between ethanol-induced sedation and lethality in Drosophila suggests that these effects are mediated by distinct pathways, both of which are sexually dimorphic.
Some have questioned why sexual dimorphism in ethanol sensitivity should exist at all. An evolutionary explanation has been proposed in humans (9) . The crux of the argument is that ethanol consumption by women induces more physical harm than in men, and, in the case of pregnancy, also harms the offspring, which may have led to greater selective pressure against ethanol consumption in women. Because ethanol consumption is inversely correlated with sensitivity to the depressant effects of ethanol, increased ethanol sensitivity in women may have been evolutionarily favored. This explanation may not apply to Drosophila, as we have shown that, in contrast to humans, female flies are more resistant to ethanol toxicity than males. However, it is possible that female flies are more sensitive than males to other effects of ethanol that impact reproductive fitness, such as egg/sperm production. Because flies encounter ethanol in fermenting fruit within their natural environment, and sex differences in ethanol hyperactivity and sedation were each observed in multiple Drosophila strains, it seems likely that these differences have been evolutionarily selected (46) .
Regulation of Ethanol Sedation Sensitivity by FruM. Our manipulations of Tra/Tra2 suggest that male-specific FruM acts during development to contribute to the sex difference in ethanol sedation. A developmental requirement for fru is consistent with its known role in regulating neuronal survival and differentiation (30, 31, 47) . Both FruM and fru neuron activity promote courtship behavior: evidence suggests that FruM directs the malespecific development of neural circuits whose activation acutely elicits courtship behavior during adulthood (22, 30, 34, 36) . In contrast, our data suggest that FruM and fru neurons have opposing roles in regulating ethanol sedation: although FruM may act developmentally to promote sedation resistance, acutely activating fru neurons promotes sedation sensitivity, suggesting a different relationship between the gene and the neurons than has been shown for courtship behavior.
The fact that silencing fru neurons did not affect sedation sensitivity suggests that these neurons are not an essential component of the circuitry mediating ethanol sedation. This result raises the possibility that fru neuron activation, which elicits courtship behavior such as wing extension and abdominal bending, might indirectly promote ethanol sedation (e.g., by inducing fatigue). In addition, fru is expressed in ∼1,500 neurons distributed throughout the nervous system (31), so activation of this large set of neurons may stimulate the release of many different neurotransmitters and neuropeptides. Future studies should therefore focus on activating smaller subsets of fru neurons to identify cells with a direct role in promoting ethanol sedation. One candidate set of neurons resides in the pars intercerebralis, a major locus of neurosecretory cells, as expression of Tra in a cluster of pars intercerebralis neurons regulates sexually dimorphic locomotor patterns (48, 49) . Although the neuronal loci and downstream mechanisms of fru function remain to be elucidated, in this work we have characterized sexual dimorphisms in ethanol-induced behavior and shown evidence that fru mediates a subset of these differences.
Materials and Methods
Fly Stocks and Maintenance. w Berlin was used as the control strain. All transgenic stocks were outcrossed into this background for at least five generations or crossed into w Berlin using balancers if they lacked a phenotypic marker. Assays were performed on 3-to 5-d-old males or females that were generally nonvirgin. Flies were generally reared on standard cornmeal/molasses food at 25°C and 70% relative humidity. Flies for TrpA1 or Shi ts experiments were reared at 18°or 22°C, respectively. Flies for Gal80 ts experiments were reared at the specified temperatures; for developmental expression of tra, these flies appeared unhealthy when reared at 29°and were instead reared at 27°, which still inhibits Gal80 ts function. SI Appendix, SI Methods, provides details regarding fly strains. /UAS-TrpA1) at 26°in-creased sedation sensitivity (n = 6); no effect was observed at 22°when TrpA1 was inactive (P > 0.05, n = 8). (B) Silencing fru neurons in males (fru Gal4 /UASShi ts ) at 30°did not affect sedation sensitivity, nor was an effect observed at 22°when Shi ts was inactive (P > 0.05, n = 8). *P < 0.05, ***P < 0.001, one-way ANOVA followed by Newman-Keuls posttests; repeated-measures ANOVA was used for all comparisons except for the 30°experiment in B.
Behavior and Lethality Assays. Ethanol hyperactivity and sedation were assayed in the booz-o-mat, an eight-chambered apparatus that delivers a specific concentration of ethanol vapor by mixing pure ethanol vapor with humidified air at a specified ratio (13) . Twenty flies per vial were assayed, and n refers to the number of vials tested. Assays were conducted at ∼25°, except for TrpA1 and Shi ts experiments, which were conducted at the specified temperatures. Flies for TrpA1 and Shi ts experiments were allowed to equilibrate to the higher temperature for ∼15 min before the assay. Ethanol hyperactivity was measured by video tracking of flies as described previously (13) using 47% ethanol vapor. Ethanol sedation was assayed manually as described previously (19) using 67% ethanol vapor unless otherwise specified. Sedation recovery was measured by transferring flies to normal vials after ethanol exposure and counting the number of flies that were walking or standing upright at 5-min intervals. ST50 and time to 50% recovery (RT50) values were determined by linear interpolation. Ethanol lethality was assayed by exposing flies to 100% ethanol for 60 min, then counting the number of dead flies following overnight recovery. SI Appendix, SI Methods, provides details regarding these assays.
Measurement of Internal Ethanol Concentration. Internal ethanol concentration was assayed in fly extracts as previously described (16) . Ethanol concentration within flies was calculated based on their water content (18) . Water content was measured by subtracting dry weight from wet weight, and was 0.60 μL for w Berlin males and 0.93 μL for w Berlin females. The water content of fly heads was estimated based on their wet weight (assuming a similar density as whole flies).
Statistical Analyses. Statistical analyses were performed using GraphPad Prism, version 4. Statistical tests are specified in the figure legends. Experimental and control flies were always tested simultaneously; experiments in which each run contained one sample of each genotype were considered to be paired experiments, whereas unpaired tests were used for all other experiments. All graphs represent mean ± SEM. For Gal4/UAS experiments, experimental lines were statistically compared with both the Gal4/+ and UAS/+ controls; only experimental lines that differed from both controls were considered to have a phenotype.
